Hagfish and lampreys are the only living representatives of the jawless vertebrates (agnathans), and compared with jawed vertebrates (gnathostomes), they provide insight into the embryology, genomics, and body plan of the ancestral vertebrate. However, this insight has been obscured by controversy over their interrelationships. Morphological cladistic analyses have identified lampreys and gnathostomes as closest relatives, whereas molecular phylogenetic studies recover a monophyletic Cyclostomata (hagfish and lampreys as closest relatives). Here, we show through deep sequencing of small RNA libraries, coupled with genomic surveys, that Cyclostomata is monophyletic: hagfish and lampreys share 4 unique microRNA families, 15 unique paralogues of more primitive microRNA families, and 22 unique substitutions to the mature gene products. Reanalysis of morphological data reveals that support for cyclostome paraphyly was based largely on incorrect character coding, and a revised dataset is not decisive on the mono-vs. paraphyly of cyclostomes. Furthermore, we show fundamental conservation of microRNA expression patterns among lamprey, hagfish, and gnathostome organs, implying that the role of microRNAs within specific organs is coincident with their appearance within the genome and is conserved through time. Together, these data support the monophyly of cyclostomes and suggest that the last common ancestor of all living vertebrates was a more complex organism than conventionally accepted by comparative morphologists and developmental biologists.
Hagfish and lampreys are the only living representatives of the jawless vertebrates (agnathans), and compared with jawed vertebrates (gnathostomes), they provide insight into the embryology, genomics, and body plan of the ancestral vertebrate. However, this insight has been obscured by controversy over their interrelationships. Morphological cladistic analyses have identified lampreys and gnathostomes as closest relatives, whereas molecular phylogenetic studies recover a monophyletic Cyclostomata (hagfish and lampreys as closest relatives). Here, we show through deep sequencing of small RNA libraries, coupled with genomic surveys, that Cyclostomata is monophyletic: hagfish and lampreys share 4 unique microRNA families, 15 unique paralogues of more primitive microRNA families, and 22 unique substitutions to the mature gene products. Reanalysis of morphological data reveals that support for cyclostome paraphyly was based largely on incorrect character coding, and a revised dataset is not decisive on the mono-vs. paraphyly of cyclostomes. Furthermore, we show fundamental conservation of microRNA expression patterns among lamprey, hagfish, and gnathostome organs, implying that the role of microRNAs within specific organs is coincident with their appearance within the genome and is conserved through time. Together, these data support the monophyly of cyclostomes and suggest that the last common ancestor of all living vertebrates was a more complex organism than conventionally accepted by comparative morphologists and developmental biologists.
complexity | cyclostomata | evolution | organ | homology T he origin and early evolution of vertebrates have been a focus of molecular and organismal evolutionary biology because of the fundamental events that attended this formative episode of our own evolutionary history over one-half billion years ago (1) . However, attempts to integrate these perspectives have been stymied by the different phylogenetic perspectives afforded by molecular and morphological datasets. Molecular datasets, incorporating protein-coding genes, ribosomal RNA genes, and/or mitochondrial genes (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) , invariably find that the jawless hagfish and lampreys constitute a clade, Cyclostomata (Fig. 1 , on the left). In contrast, morphological datasets (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) have supported a closer relationship between lampreys and gnathostomes, rendering Cyclostomata paraphyletic (Fig. 1 , on the right) and hagfish not vertebrates but mere craniates (33) .
Attempts have been made to reconcile these two views: a number of morphological characters have been identified that support the monophyly of cyclostomes (37, 38) , but they have been overwhelmed by a seemingly far greater number of characters supporting cyclostome paraphyly (30, 31) . Indeed, an analysis of combined morphological and molecular datasets has suggested that the signal of cyclostome paraphyly in morphological datasets is stronger than the signal for monophyly from molecular data (39) . The interrelationships of hagfish, lampreys, and gnathostomes thus remain uncertain, and this has become a classic example of phylogenetic conflict between morphological and molecular data (7, 39) . If morphological phylogenies are correct, hagfish provide an experimental model for investigating the evolutionary assembly of the vertebrate body plan shared by lampreys and gnathostomes. Alternatively, if the molecular phylogenies are correct, then it would indicate that the shared similarities of lampreys and gnathostomes are convergent or that these characters are absent through loss in the hagfish lineage. These would represent the most extraordinary examples of convergence or degeneracy, respectively, in vertebrate evolutionary history (18, 35) .
We attempted to resolve the interrelationships of hagfish, lampreys, and gnathostomes through analysis of their microRNA (miRNA) repertoire. miRNAs are small, noncoding regulatory genes implicated in the control of cellular differentiation and homeostasis and as such, might be involved in the evolution of complexity (40) (41) (42) . Because ancient miRNAs show a level of sequence conservation exceeding that of ribosomal DNA (43) , it is possible to discern the evolutionary origins of miRNA families at even the deepest levels of animal phylogeny (43, 44) . The rarity with which ancient miRNAs were lost within most evolutionary lineages, coupled with the continuous acquisition of miRNAs through geologic time in all metazoan lineages examined to date, makes miRNAs one of the most useful classes of characters in phylogenetics (45) . Thus, miRNAs can be used to discern the interrelationships among the major vertebrate lineages and simultaneously, lend insight into the origin of vertebrate characteristics.
We constructed small RNA libraries from total RNA (Methods) from ammocoete larvae of the brook lamprey Lampetra planeri, from a single adult individual of the Atlantic hagfish Myxine glutinosa, from the catshark Scyliorhinus canicula, and for nine individually processed organs/regions (brain, gills, gut, heart, kidney, liver, mouth, muscle, and skin) from a single adult individual of the sea lamprey Petromyzon marinus. Using a combination of high-throughput 454 pyrosequencing and Illumina technology, we identified miRNAs from each library and found that shared gains of miRNAs support the monophyly of cyclostomes (lamprey and hagfish). We also revised, expanded, and reanalyzed an extensive morphological dataset previously found to support cyclostome paraphyly (23) and show that cyclostome monophyly is just as likely given these data. In addition, profiling the miRNA expression within nine organs of P. marinus shows conservation with known expression profiles in homologous organs across vertebrates. Our data suggest that the role of miRNAs within specific organs is coincident with their appearance within the genome, and thus, miRNAs may have played a role in the acquisition of organismal complexity in vertebrates.
Results and Discussion miRNAs Shared Between Lampreys and Hagfish Support Cyclostome
Monophyly. Derivative cDNA libraries from the brook lamprey L. planeri, the sea lamprey P. marinus, and the Atlantic hagfish M. glutinosa were sequenced using high-throughput 454 pyrosequencing (Methods), yielding 422,122 (59,759 nonredundant) parsed high-quality reads. Additionally, we sequenced small RNAs from the catshark Scyliorhinus canicula using Illumina technology, yielding 333,294 (127,015 nonredundant) parsed highquality reads. The resulting reads from all four taxa were then interrogated using miRMiner (43) to identify known and unknown miRNAs (Dataset S1).
Because the genome traces of the sea lamprey P. marinus are publicly available (http://www.ncbi.nlm.nih.gov/genomeprj?term= petromyzon), we first focused on elucidating the miRNA repertoire of this species. We identified 245 miRNA genes in P. marinus, including one family lost in gnathostomes (miR-315) and a second family lost in osteichthyans (mir-281) (Dataset S1). An additional 24 miRNA genes are inferred to be present in the genome of P. marinus, because, although the genes could not be located in the trace archives, reads of these phylogenetically conserved miRNAs were discovered in our libraries (e.g., miR-31, -34, -122, etc.) (Dataset S1). Of the 269 genes present in P. marinus, 202 are conserved in other animals, with 21 shared only with the brook lamprey, L. planeri (Dataset S1).
Lampreys lack the bilaterian miRNAs miR-71, miR-242, miR-252, and miR-278, as do urochordates and all other vertebrates examined to date. However, very few miRNA genes have been lost within the lamprey lineage itself: only a single miRNA family seems to have been lost in P. marinus (miR-214), because reads were detected in L. planeri (Dataset S1); however, reads were not detected in P. marinus, and the gene was not located in the trace archives. Conversely, we failed to detect transcripts of only two miRNA families in L. planeri-the lowly expressed miRNAs (Dataset S1) miR-202 and miR-875 (although we did not examine reads from an adult individual, and no genomic sequence for this species is currently available to confirm a true absence). Therefore, these two lamprey species share a miRNA complement of at least 200 genes and between them, have together lost no more than three miRNA families total since they last shared a common ancestor some time in the last 10-40 million y (10).
To determine the phylogenetic position of hagfish, we analyzed the conserved miRNA complement of M. glutinosa. Of the 46 vertebrate-specific miRNA families shared between lamprey and gnathostomes ( Fig. 2) , we detected all but two in our hagfish library: miR-1329 (which is expressed exclusively in the lamprey kidney) (Dataset S1) and miR-4541, an miRNA family found thus far only in the two sharks and the two lamprey species (Dataset S1). However, the hagfish shares four unique miRNA families with the lampreys that are not found or expressed in gnathostomes or in any other animal species investigated to date, miR-4542, miR-4543, miR-4544, and miR-4545 (Dataset S1 and Fig.  S1 ), and a phylogenetic analysis based on the presence and absence of miRNA families (Dataset S2) supports the monophyly of the cyclostomes (Fig. 2 and Fig. S2 ).
Further evidence of cyclostome monophyly is found in the paralogy group relations within miRNA families (46) . Fifteen paralogues of previously described miRNA families ( Fig. 3 and Dataset S1) are shared by the hagfish and lampreys to the exclusion of gnathostomes-we did not detect a single paralogue supporting cyclostome paraphyly. Finally, we examined the mature sequences of each miRNA to ask if polarizable nucleotide substitutions had occurred that supported either cyclostome monophyly or paraphyly (or some other set of relations). We did not find any nucleotide substitutions in the mature sequence of any vertebrate miRNA that is shared between gnathostomes and lampreys to the exclusion of hagfish (or between hagfish and gnathostomes to the exclusion of lamprey). However, we did find 22 derived nucleotide substitutions in the mature sequences of 18 miRNAs exclusive to the three cyclostome taxa investigated ( Fig. 3 and Dataset S1). Thus, the acquisition of miRNA families, miRNA genes, and the nucleotide substitution patterns of conserved miRNA genes all support cyclostome monophyly.
Phenotypic Cladistic Data Do Not Distinguish Between Cyclostome
Monophyly vs. Paraphyly. The phylogenetic distribution of vertebrate miRNAs corroborates molecular sequence data in supporting cyclostome monophyly (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) , contradicting what has been considered an equally strong signal from phenotypic datasets supporting cyclostome paraphyly (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) . To determine the source of this discordance, we augmented a phenotypic dataset based on the nervous system (23), with characters representative of other organ systems recoded from observations and the primary literature rather than recycled from previous analyses (SI Text and Dataset S3). In so doing, we considered all characters that have been marshaled previously in support of cyclostome monophyly or paraphyly. We find that, although the revised dataset (SI Text) marginally favors cyclostome paraphyly (monophyly is one step longer in a tree of 237 steps) (Fig. S3) , Templeton (47), Kishino-Hasegawa (48), and approximate two-tailed Shimodaira-Hasegawa (49) tests reveal that the dataset is indecisive on this question (Templeton: P = 0.8415; K-H: P = 0.8421; approximate S-H is one-half P of K-H) (49) . This is because much of the evidence traditionally interpreted as supporting cyclostome paraphyly has been based on spurious character design. For example, many of the characters are inapplicable to the outgroup, making it impossible to discriminate between the primary or secondary absence in hagfish of characters otherwise found only in lampreys and gnathostomes (e.g., the proximity of the atrium and ventricle of the heart, radial muscles, and retinal synaptic ribbons). In addition, some characters have been coded as absent in hagfish when data have merely been lacking (e.g., heart response to catecholamines, pituitary control of gametogenesis, and sexual dimorphism). Finally, the uncritical recycling of characters and their codings between generations of analyses has resulted in the repeated use of obsolete data (50) . For instance, similarities in the immune system of lampreys and gnathostomes have been exploited to draw a distinction from hagfish (30-35, 51). However, it has been long established that lampreys Fig. 1 . The two competing hypotheses. Either lampreys are more closely related to hagfish than they are to gnathostomes, making Cyclostomata monophyletic (on the left), or lampreys are more closely related to gnathostomes than they are to hagfish, making Cyclostomata paraphyletic (on the right).
and hagfish share a distinct type of adaptive immune system based on variable lymphocyte receptors, rather than the Ig-based T and B antigen receptors that characterize the lymphocytes of jawed vertebrates (52) , and thus, similarities in the immune system of lampreys and jawed vertebrates are convergent.
miRNA Expression Profiles Are Conserved Across Vertebrates. The origin of vertebrates occurred in association with a very high rate of miRNA family innovation, and it has been proposed that this is a causal association, because where expression data are available, vertebrate miRNAs are often expressed in tissues and organs that are unique to vertebrates (41) . This hypothesis predicts that the organ-specific expression of vertebrate-specific miRNAs is highly conserved, such that data from the zebrafish (Danio) and the mouse (Mus) are representative not only of osteichthyans (the clade that they circumscribe) but of vertebrates more generally. Our phylogenetic results indicate that a comparison of existing data with lampreys will provide an adequate test of the hypothesis, because together, these taxa circumscribe the clade of all living vertebrates (Fig. 2) . Expression data for seven different P. marinus organs are shown in Fig. 4 . Similar to Danio (53, 54) and Mus (55), each lamprey organ expresses a specific suite of miRNAs that gives the organ a unique miRNA expression profile. For example, ignoring the ubiquitously expressed let-7, the four highest expressed miRNA genes in the lamprey brain are miR-9a, miR-338a, miR-138a, and miR-125a, whereas the four highest expressed miRNA genes in the lamprey gut are miR-194, miR-192, miR-200a, and miR-429 ( Fig. 4 and Dataset S4). Furthermore, similar to mouse (56) , the lamprey brain is the most complex of the organs queried, and the gut and liver are the least, at least in terms of the number of different miRNAs expressed (Dataset S4). With just one exception (the heart), the miRNA with the highest expression in each of the lamprey organs is also expressed in that same organ in both Danio (Fig. 4 Insets) and hagfish (Fig. S4) . Thus, homologous organs in vertebrates more often than not (57) express homologous miRNAs, consistent with the hypothesis that miRNAs (e.g., miR-30 and miR-122) were instrumental in the evolutionary origin of vertebrate-specific organs (e.g., kidney and liver, respectively) (41).
Conclusions
Hinging on debate over the interrelationships of living jawless and jawed vertebrates has been the nature of the ancestral vertebrate and the pattern and sequence of organismal and genomic evolution, on which hypotheses of developmental evolution are based. We conclude that cyclostomes are monophyletic, and thus, characters reconstructed as lamprey and gnathostome synapomorphies are actually shared primitive characters of all vertebrates, with hagfish anatomy having degenerated to a remarkable degree (18, 36) . Cyclostome paraphyly (22) and a hierarchical distinction between craniates and vertebrates (33) afforded insight into the assembly of vertebrate characters (58) . With the recognition of cyclostome monophyly, however, that taxonomic distinction and evolutionary insight are lost. Evidently, the crown ancestor of vertebrates was more complex, phenotypically and Cyclostomes share four miRNA families not found in any other animal species investigated to date, and a maximum parsimony analysis supports the monophyly of Cyclostomata. Note that miRNA families specific to a single species are not indicated, but losses of more primitive families are indicated. Of particular interest is the number of miRNA families acquired in the stem lineage leading to the vertebrate crown group. Fig. 3 . The presence of paralogues of more primitive miRNA families and conserved nucleotide substitutions both support the monophyly of Cyclostomata. Shown is miR-19 as an example of a group of miRNAs that shows both conserved nucleotide substitutions (19a; Top, bold) with respect to the other paralogue(s) (19b and 19c; Middle and Bottom) and the possession of a paralogue (miR-19c) not present in any known gnathostome (Dataset S1 has the complete description of both paralogues and nucleotide substitutions supporting cyclostome monophyly). Cmi, Callorhinchus milii; Dre, Danio rerio; Hsa, Homo sapiens; Lpl, Lampetra planeri; Mgl, Myxine glutinosa; Pma, Petromyzon marinus.
developmentally, than has been perceived hitherto (58) , making attempts to explain mechanistically the distinction between vertebrates and invertebrates even more formidable. Nonetheless, in reconciling phylogenies grounded in genotype and phenotype, we provide a holistic framework for uncovering the formative events in the evolutionary emergence of vertebrates. We predict that the renaissance in hagfish embryology (59) will further show the loss of vertebrate characters, but with the recognition of cyclostome monophyly, attempts to dissect the assembly of the vertebrate body plan can be focused on comparative analysis of lamprey development and genomics. The prolific origin of miRNA families in the vertebrate stem-lineage and their expression in vertebrate-specific tissues and organs supports the idea that miRNAs played a pivotal role, as part of a broader gene regulatory landscape, in the assembly of the vertebrate body plan (41) .
Methods
Total RNA Extraction, Northern Analysis, and Small RNA Library Construction. Embryonic brook lampreys (L. planeri) were collected from Highland Water, upstream of Millyford Bridge, New Forest National Park (United Kingdom) and allowed to develop in captivity at 16°C in filtered river water until hatching. Adult sea lamprey (P. marinus) were collected from Lake Champlain (Vermont), and a single individual was dissected to isolate the brain, gut, gills, heart, kidney, liver, mouth and tongue, muscle, and skin. Atlantic hagfish (M. glutinosa) were collected at Kristineberg Marine Station, Gulmarsfjord, Sweden and purchased from Gulf of Maine Inc. (Pembroke, ME). RNA was extracted from 20 combined larval L. planeri, from each dissected tissue and organ derived from a single adult P. marinus, and from a single adult M. glutinosa. From these animals, small RNA libraries were constructed individually and sequenced with a unique barcode using 454 DNA pyrosequencing (Branford, CT) as described previously (43). The resulting reads were then analyzed with miRMiner to identify known and unknown miRNAs (43) , with additional filters for transfer and ribosomal RNAs written with custom shell scripts.
RNA was also extracted from the brain, gut, heart, kidney, liver, muscle, and skin derived from a single adult M. glutinosa, and northern analyses using Starfire probes (IDT) designed against the mature miRNA sequence (sequences available on request) were performed as previously described (43) . Catshark (S. canicula) embryos were obtained from commercial sources, and RNA was extracted from five embryos near hatching. S. canicula RNA was sequenced Fig. 4 . miRNA expression profile of seven different lamprey organs. Only the top 10 highest expressed miRNAs (Dataset S4) are shown, and each specific miRNA is given a distinct color for all pie charts. Below each pie chart is the expression pattern of the highest expressed gene in the lamprey library in the zebrafish (54)-note the concordance between the lamprey and zebrafish for all organs queried except for the heart (Bottom). Pma, Petromyzon marinus; Dre, Danio rerio; Mmu, Mus musculus.
for small RNAs using the Illumina sequencing platform and analyzed using miRMiner as described (43) . All genomic inquiries for miRNAs in P. marinus and Callorhinchus milii (elephant shark) were made through National Center for Biotechnology Information using the available genomic traces. All alignments and sequence analyses were performed using MacVector (v. 10.0.2). Secondary structures of precursor miRNA transcripts were predicted using mFold (60) .
Morphological Analysis. The phenotypic dataset was coded directly from the primary literature and from direct observation of anatomy (SI Text). We designed and coded characters using a contingent coding strategy, because it is the only approach that is theoretically and operationally valid in instances, as here, where many of the characters are inapplicable to the outgroup (61). We restricted our analyses to a parsimony-based approach, because phenotypic support for hagfish-lamprey-gnathostome relationships has always been debated using this method of phylogenetic inference. , lampreys (24) are 10.9-6.5 mL 100 g , sharks (25, 26) are in the range 5-7 mL 100 g , and actinopterygians are in the range from 3.8 to 1.8 mL 100 g −1 , with nonteleost actinopterygians (28) (which we take as a proxy for Polypterus) range 3.0-3.8 mL 100 g −1
. Although there seems to be a general trend, there is no clear division in the range that could be used as character states useful in this context.
Haemoglobins with Low O 2 Affinity and Significant Bohr Effect
(Absent = 0, Present = 1). The point of this character has been that hagfish hemoglobin has low affinity for O 2 and therefore, shows little Bohr effect (29) , whereas all other vertebrates, including lampreys, exhibit a strong Bohr effect (29) (30) (31) (32) (33) . However, very little is known concerning hemoglobin in cephalochordates (34) or tunicates (35) , and furthermore, although lampreys exhibit a Bohr effect comparable with gnathostomes, they achieve this, like hagfish, through pH-driven aggregation of their hemoglobin monomers into dimers or tetramers rather than through proton binding of oxygen to stable hemoglobin tetramers, which is the condition in gnathostomes (30, 36) . Hence, it seems that the protein structure of the hemoglobins in vertebrates supports monophyly, rather than paraphyly, of cyclostomes-although this remains contingent on a dearth of knowledge of the hemoglobins in the invertebrate chordates.
Sexual Dimorphism (Absent = 0, Present = 1). This is not as clear cut a character as it has been portrayed. To be sure, lampreys and gnathostomes exhibit sexual dimorphism, and sexual dimorphism is also apparent in cephalochordates (37); its absence in solitary tunicates reflects the fact that they produce both male and female gametes, and although some are self-sterile, as in Ciona intestinalis, most are hermaphroditic, as in C. savignyi (38) . So little is known concerning reproduction in hagfishes (39, 40) that it is not appropriate to conclude that they do not exhibit sexual dimorphism. Indeed, there is some evidence that, at sexual maturity, females are slightly longer than males (41) .
Gonads (Paired = 0, Unpaired = 1). The general condition in chordates is paired gonads, seen in Branchiostoma and the vast majority of vertebrates. Hagfish and lampreys possess just a single gonad, and hence, this character has been proposed as a cyclostome synapomorphy (18) . However, this condition is achieved through fusion of gonads in lampreys and failed development of a gonad in hagfishes, and furthermore, this condition is achieved in many other vertebrates by the same means.
High Metabolic Rate (Absent = 0, Present = 1). In terms of oxygen consumption, hagfishes (42) , lungfishes (43) , and Latimeria (44) have a significantly lower metabolic rate than Branchiostoma (45), Ciona (46), lampreys (47), dogfish (48) , and Ambystoma (49) (there seems to be no data for Polypterus). However, the nature of comparison is dubious considering the fact that the comparisons are made among organisms that differ in mass by several orders of magnitude. It is perhaps for this reason that there is no phylogenetic signal in the data, and for this reason, we exclude the character.
Condensed and Discrete Pancreas (Absent = 0, Present = 1). This character has previously been used to draw a distinction between the condensed vs. diffuse endocrine pancreas in lampreys and hagfish, respectively (3-5, 12, 19) . The distinction between hagfishes and lampreys is one of degree (13) , and indeed, lampreys are polymorphic for this character, both ontogenetically and systematically (50) . Rather, hagfishes and lampreys are more similar to one another than to gnathostomes in that there is a complete separation of their endocrine pancreas (islet organ) and their exocrine pancreases. The endocrine and exocrine pancreas are coassociated in crown gnathostomes (50) . In Branchiostoma and Ciona, there is no diverticulum, as there is in hagfishes, lampreys, and gnathostomes, only dispersed insulin-secreting cells in the walls of the gastrointestinal tract (51, 52) . This constitutes the basis for a replacement character.
High Proportion of Serine and Theronine Collagen (Absent = 0, Present = 1). This character was originally codified by Hardisty (18) , who drew a distinction between hagfishes vs. lampreys and gnathostomes on similarities in collagen proteins inferred from the proportion of proline vs. serine and threonine; it was perpetuated by Janvier (19), Forey (13), Donoghue et al. (4) , and Gess et al. (3) . However, there is no longer a need to infer the similarities and differences between hagfish, lamprey, and gnathostome collagen proteins, because these can be determined directly from their amino acid sequences. These show that hagfish, like lampreys and gnathostomes, possess members of both the Col1 and Col2 paralogy groups with Clade A of fibrillar collagens, and furthermore, within these paralogy groups, hagfish and lamprey proteins comprise a clade to the exclusion of gnathostome proteins (53) . Higher proportions of proline in lampreys and gnathostomes than in hagfish must, therefore, represent convergence or secondary reversal, although, of course, the original comparison always lacked outgroup constraint. This vertebrate synapomorphy has become a molecular character, and therefore, we exclude the character on this basis. (54) . Thus, it is clear that lampreys have secondarily lost an LDHA-encoding gene, and thus, this character has no discriminatory power in resolving the relationships among hagfish, lampreys, and gnathostomes. Because of the problem of coding LDH5 as present in lampreys, albeit secondarily lost, we have excluded this vertebrate/craniate synapomorphy a priori.
Typhlosole in Intestine. This character was originally codified as the presence of a spiral intestine by Løvtrup (2) and developed as spiral intestine (or spiral fold intestine) by Janvier (12) and subsequently, typhlosole in intestine by Forey (19) , Janvier (9), Donoghue et al. (4), and Gess et al. (3) The character is based on the premise of homology between the spiral valve in the intestine of many gnathostomes and the typhlosole of lampreys. This proposition of homology has been criticized, because the spiral turns of the spiral valve result from torsion of the entire gut in gnathostomes, whereas the typhlosole of lampreys is confined to the mucosa (55); furthermore, hagfish also possess a typhlosole manifest as permanent zig-zag ridges in the mucosa (56) . The presence of a typhlosole in Ciona (57) indicates that this is not a cyclostome synapomorphy. It is, thus, phylogenetically uninformative, and the character is excluded a priori for this reason.
Inner Ear Hair Cells with Stereocilia Only. Khonsari et al. (1) codified this character to draw out the distinction between lampreys and gnathostomes, which have only stereocilia in their inner ears, and hagfish, which have both stereocilia and a second class of hair cells where there is a long central cilium surrounded by much shorter cilia. However, the presence of this second class of hair cells in hagfish is clearly an autapomorphy and not, therefore, of phylogenetic significance. Given that hagfish, lampreys, and gnathostomes all possess inner ears that contain stereociliae and the outgroup lacks both inner ears and stereocilia, the character is uninformative concerning the phylogenetic relations of hagfish, lampreys, and gnathostomes, and therefore, we exclude it on that basis. The coding for hagfish has been debated extensively, and there remains a view that, because there are two sensory ampullae in hagfish, their single semicircular canal is an evolutionary rudiment of two that have coalesced (10, 13, 64). 133. Relative position of atrium and ventricle of heart (wellseparated = 0, close to each other = 1). This character is inapplicable to the outgroup, because they lack structures that can be compared with either the atrium or ventricle of vertebrate hearts (67, 68) . 134. Closed pericardium (absent = 0, present = 1). This character is inapplicable to Branchiostoma, because it lacks a distinct heart and therefore, lacks a distinct pericardial region that may be compared with the pericardium of vertebrates (67) . However, Ciona is interpreted to possess a direct homolog of the vertebrate heart, and this is enclosed in a discrete pericardial cavity (67). 147. Monobasal paired fins (absent = 0, present = 1). This character is inapplicable to taxa that lack paired fins and also salamander. 148. Tail shape (no distinct lobes developed = 0, ventral lobe much larger than dorsal = 1, dorsal lobe much larger than ventral = 2, dorsal and ventral lobes almost equally developed = 3). 149. Chordal disposition relative to tail development (isochordal = 0, hypochordal = 1, hyperchordal = 2). Hagfish are conventionally coded as isochordal, (3). However, Janvier (72) has shown that they are hypochordal.
Skeletal.
150. Ability to synthesize creatine phosphatase (absent = 0, present = 1). 151. Visceral arches fused to the neurocranium (absent = 0, present = 1). 152. Relative position of the pharyngeal skeleton to the gills and associated vasculature (lateral = 0, medial = 1). This character has been proposed as a general feature or synapomorphy of cyclostomes by numerous authors (8, 12, 13, 18) . However, it may be a primitive character for chordates (73, 74) , if not deuterostomes. 169. Hemoglobins (exist as monomers when oxygenated and form complex dimeric or tetrameric aggregates when deoxygenated = 0, exist as stable tetramers = 1). It has been argued that oxygen transport is a role to which globins were co-opted during the transition to multicellularity (77) , and therefore, it should be possible to polarize the character states encountered in hagfish, lampreys, and gnathostomes. However, Hoffmann et al. (36) have recently argued that cyclostomes and gnathostomes have co-opted distinct phylogenetically globins to the role of oxygen transport. Structural and functional data are lacking for invertebrate chordate globins, although hemoglobins are known from Branchiostoma (34). 170. Heart response to catecholamines (absent = 0, present = 1). Hagfish have traditionally been coded absent for heart response to catecholamines, although it has long been established that a variety of catecholamines have a significant effect on the heart rate of the multifarious hearts of hagfishes (78-80). Tunicates and amphioxus have a cardiac pump that is in some sense homologous to vertebrate heart (67, 68) , and one of these in Branchiostoma, the endostyle, is associated with catecholamine-containing cells. However, it has not been shown that there is a cardiovascular response to catecholamines in either clade of invertebrate chordates, and thus, they are coded as unknown. No data are available for Latimeria and Polypterus. 171. High blood pressure (absent = 0, present = 1). 172. Hyperosmoregulation (absent = 0, present = 1). Hagfishes, like the outgroup, are essentially isoosmotic with seawater, whereas lampreys and gnathostomes are hyperosmotic. Schaeffer and Thompson (10) argued that lampreys and gnathostomes achieved this condition by different means, but, whereas gnathostomes (primitively, at least) emphasize urea synthesis and retention, lampreys seem to adopt the same gill-based mechanisms of osmoregulation as marine teleosts (81) . That said, these same mechanisms are apparent in the mitochondria-rich cells in the gill epithelia of hagfishes (82) (90) , but no evidence has been presented linking their activity to gametogenesis. 174. Ion transport in gills (absent = 0, present = 1). Hagfishes have invariably been coded as lacking ion transport in gills (3) (4) (5) , and it is true that they do not establish an ionic gradient across their gills (81). However, ion transport does occur, and its presence is now well-documented in both Myxine glutinosa (91, 92) and Eptatretus stouti (82) . Furthermore, although hagfish cannot regulate their osmolality, they can regulate the ionic concentration of Ca and Mg ions (93) . There are no data for Branchiostoma or Ciona, and although it is likely that they are iso-osmotic with seawater, as with hagfish, this does not preclude the possibility that their gills are incapable of ion transport. There are few data on ionoregulation in Latimeria (94), Polypterus, and lungfishes (95) . However, both Polypterus and lungfishes are freshwater species, and therefore, their gills must be capable of ionoregulation.
Miscellaneous. (50, 99) . 180. Corpus luteum (absent = 0, present = 1). The corpus luteum is a transient endocrine gland that develops from the postovulatory or atretic follicles and secretes progesterone; it is thought to be related to egg retention. A corpus luteum is known in hagfish (100), Squalus (101), and salamander (100) but not lamprey (102) . There are no data for Branchiostoma and Ciona, and given that they are multiple spawners, there is no a priori reason to conclude that they lack a corpus luteum; thus, they are coded as unknown. 181. Male gametes shed directly through the coelom (absent = 0, present= 1). In both Branchiostoma and Ciona, the gametes are shed into the atrium (which has no homologs in vertebrates) rather than into the coelom (103) . Thus, there is no a priori justification for interpreting this character as general to craniates/vertebrates or contra (13, 19) . . Northern detection and bioinformatic results of the four cyclostome microRNAs (miRNAs) in hagfish, lamprey, and shark. (A) Detection of the four cyclostome miRNAs in lamprey, hagfish lamprey, and hagfish, but not sharks. All four miRNAs are detected in Atlantic hagfish M. glutinosa total RNA preparations, and all are found in the genomic traces of the sea lamprey Petromyzon marinus (in addition to being present in total RNA preparations of both lamprey species) (Dataset S1); however, none of them are detected in total RNA preparations from the catshark Scyliorhinus canicula or found in the genomic traces of the elephant shark Callorhinchus milii. In contrast, a Northern analysis against the vertebrate-specific miRNA, miR-17, is both detected by Northern analysis and found in the genomic traces of cyclostomes and sharks. The mature sequence detected in our miRNA libraraies (Dataset S1) is shown in red; star sequences are shown in bold. (B) Detection of the mature sequence of miR-4543 as a ∼22mer and the presequence as a ∼70mer in the Atlantic hagfish M. glutinosa. Note that neither are detected in a total RNA preparation from the catshark S. canicula. Fig. S2 . Maximum parsimony analysis of miRNA families in all chordate taxa investigated (complete matrix in Dataset S2). Numbers at each of the nodes represent the Bremer Support Indexes. Note that branch lengths are scaled according to the number of changes that have occurred (Fig. 2) , but the branch leading to birds has been artificially shortened. Note the monophyly of Cyclostomata (red) and the recovery of all known clades including gnathostomes (blue) and vertebrates (magenta). Fig. S3 . Maximum parsimony analysis of the morphological data matrix (Dataset S3). The tree supporting cyclostome monophyly (left side) is only one step longer than the shortest tree that supports cyclostome paraphyly (right side). Dataset S1. Expression levels (number of copies sequenced) and alignments of all sequences identified in this study, including secondary structures of all genes identified in the genomic traces of the lamprey P. marinus Dataset S4. Number of mature miRNA reads from Lampetra planeri larva and P. marinus adult tissues and organs sorted by expression level Dataset S4 (XLS)
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